INTRODUCTION
Cystic fibrosis (CF) is an autosomal recessive disorder caused by deficient chloride transport across the apical membrane of epithelial cells. It is the most common lethal genetic disorder among the population of European origin, with an incidence of about 1 in 2500 live births and a carrier frequency of about 1 in 25. 1 In 1989, the gene responsible for CF, referred to as CF transmembrane conductance regulator (CFTR), was identified. The most common CFTR mutation is a 3-bp deletion causing the loss of phenylalanine residue at position 508 (p.F508del) in exon 10. [2] [3] [4] More than 95% of CF mutations have been characterized in several genetically homogeneous populations: 100% in Hutterites, 5 98.5% in Belgians, 6 98% in a French population of Celtic origin 7 and 97% in Jewish Ashkenazi. 8 In heterogeneous populations, the number of different mutations is very large. [9] [10] [11] [12] A worldwide survey found that 28 493 of the 43 077 studied CF chromosomes (66%) carried the p.F508del mutation. 13 The frequency of the p.F508del mutation differs between populations, ranging from 26% in Algeria and Venezuela to 47% in one Brazilian study and 87% in Denmark; other mutations also vary widely depending on the ethnic composition of the studied groups. [14] [15] [16] [17] Because geographic differences in the frequency of CFTR mutations affect the false-negative rates that arise when CFTR mutation analysis is used for diagnosis and carrier testing, such data should be made available for each different region and ethnic group of a specific country. We previously reported mutation heterogeneity in Brazilian CF patients by direct analysis of the p.F508del mutation and other common sequence alterations (p.G542X, p.N1303 K, p.G551D and p.R553X). Our data showed that these five mutations represent only 56% of CF alleles in Brazil and that their frequencies vary from state to state. 16, 18, 19 In this study, we provide the updated data for the entire spectrum of CFTR mutations in the Brazilian population and discuss the origin of its genetic composition in an attempt to provide an improved perspective for the CF population screening in Brazil and for genetic counseling.
MATERIALS AND METHODS

Data collection
All data were collected after in silico searches were completed in the available databases (PUBMED and SCIELO).
Statistical analysis
The study results were expressed as a percentage of the total; homogeneity was tested and distributions were analyzed by the w 2 -test; and significance was set at a P-value of 0.05. Occasionally, mutations were grouped for analysis. The STATISTICA v8.0 software package (StatSoft South America, São Paulo, SP, Brazil, STATISTICA AXA, Serial Number: AXA809E101819FA-E) was used for all statistical analyses.
RESULTS AND DISCUSSION
The Brazilian population is one of the most heterogeneous in the world, with a tri-hybrid composition (native Indians, Africans and European descendants) and a high rate of admixture. A consequence of this ethnic mixture is the extensive molecular heterogeneity of CFTR gene alleles in the Brazilian population. We previously studied the p.F508del and other four mutations (p.G542X, p.N1303 K, p.G551D and p.R553X) that are common worldwide in the Brazilian population. These five mutations represented only 56% of CFTR alleles in Brazil, with their frequencies varying from state to state. 16, 18, 19 Apparently, the high heterogeneity of Brazilian population was because of different migratory waves and a large number of different sub-populations. Brazil was conquered by Portugal in 1500; during the 1530s, African slaves were brought to Brazil from north of the Guinea Gulf and Sudan. Additional African populations arrived in Brazil in the 1820s; 20 more than four million Africans were brought to Brazil from the 16th to the 19th century. After the abolition of the British and the United States slave trades in 1808, only Cuba and Brazil remained as the major conductors of this activity, and it was Brazil which took more than two-thirds of the 2.9 million Africans who arrived to America after 1800. 20 African populations were concentrated in specific Brazilian states, such as Minas Gerais (MG). Of the 800 000 slaves who obtained freedom by 1888, 230 000 were from MG. 21 Accordingly, in MG, there is a high proportion of European/African descendants (44%) as compared with the state of Paraná (PR) (25.5%); the population of MG is made up of 45.7% Brazilians of European origin and 9.7% of African Brazilians. 22 Another important migration to Brazil was that of people of European descent, which started in 1802 and decreased dramatically after 1950. From 1875 to 1950, about 5 million Europeans immigrated to Brazil, settling mainly in the Southern states. A total of 80% of the immigrants came from Portugal, Italy, Spain and Germany. Although this European group was ethnically heterogeneous with a widespread admixture, European descendants are relatively homogeneous, and today, they are found primarily in the South, such as in states of PR and Santa Catarina (SC). 21, 23 SC has the lowest admixture rate in Brazil (5.3%), with 86.6% of its current population being of European origin and only 3.6% comprised of African Brazilians. In PR, 70.3% of the population is of European origin, whereas 3% consists of African Brazilians. 22 Nowadays, Brazilians with a European origin constitute 49.4% of total population, mixed-race 42.3%, African Brazilians 7.4%, Asians and Amerindians 0.8%. 22 The five main Brazilian regions (north, northeast, southeast, south and center-west) (Figure 1 ) differ in ethnic background and Amerindian contribution. The Amerindian populations underwent a drastic demographic decline because of conflicts with the European colonizers and diseases. 21, 24, 25 Today, there are around 326 000 Amerindians in Brazil, located mainly in the northern and western border regions as well as in the upper Amazon basin. Although these groups constitute less than 1% of the total population, 22, 26 present-day Brazilians still carry alleles from the early colonization phase, as showed by mitochondrial DNA data, indicating that Indian matrilineal contribution to the total present-day Brazilian population with European origin gene pool may be as high as 33%, varying from 54% in the northern region to 22% in the south. 27 Studies of nuclear markers have shown that the overall (matrilineal and patrilineal) Amerindian contribution is lower, varying from 41% in the northern 28 to 7-11% in the southern regions. 29 Guarani and Kaingang are currently two of the most populous Amerindian groups in Brazil (41 000 and 22 000, respectively) and also the major Southern Brazilian Indian populations. They differ in multiple aspects of their cultures, and this correlates with the distinctiveness of their gene pools. [30] [31] [32] [33] The p.F508del common CF mutation shows great variation in frequency among the Brazilian states. The states PR, SC, Rio Grande do Sul (RS), São Paulo (SP) and MG have frequencies between 45.5 and 50%; 11, 19, 34, 35 Rio de Janeiro (RJ) and Pará (PA) have frequencies of 28.42% 36 and 22.73%, 36 respectively (Table 1 ). In RJ, the population composition is mainly of African origin (52%), followed by European origin (40%) and Amerindians (8%), 37 which explains the lower p.F508del frequency. In MG, Raskin et al. 11 found p.F508del mutation in 47.4% of 310 chromosomes from Euro-Brazilian patients and in only 10.5% of 76 chromosomes from African Brazilian patients; corroborating studies suggest that p.F508del mutation was introduced in the European population after the divergence of continental groups. [38] [39] [40] In the case of MG, assuming an admixture rate of about 50%, 21 the frequency of 10.52% in African Brazilian patients could be explained by its mixing with Euro-Brazilians. In PA, the proportion is reverse of that of RJ: European origin 47%, Amerindians 41% and African origin 12%, 28 suggesting that the lower mutation frequency maybe a result of the mixing of European immigrants with the original populations of the Amazon . 41 The state with the lowest frequency (only 8.68%) is Bahia (BA), the population of which descended mainly from Africans and Portuguese. 42 In this state, only this CF mutation has been studied-its low prevalence may be because of the mixing of African Brazilians with European descendants, mainly Portuguese. The other CF mutations that affect the patients in BA are unknown and genetic studies are required to characterize the genetic basis of CF in this region, considering the high rate of miscegenation, and strong African and Portuguese component.
Linkage analysis has proven to be useful in identifying mutation loci or mutation carriers when the known common mutations were not detected. This is the case of the XV2C and KM19 (XK) haplotype (see Table 2 ). More than 650 different CF mutations have been identified and correlated with haplotypes determined by restriction fragment length polymorphisms. [43] [44] [45] In a study of patients from five Brazilian states (RS, SC, PR, SP and MG), Raskin et al. 46 found that 88% of p.F508del alleles and 41% of non-p.F508del CF alleles were associated with haplotype B. This finding supports previous data, suggesting a single origin for the p.F508del mutation and a selective advantage of mutations arising on XK haplotype B. 47 This group also found a relatively and unexpected high number (12%) of the p.F508del alleles on the A or D XK haplotype, suggesting that they might have derived from p.F508del mutations on the common CF haplotype B by a single recombination event. Such an event is likely because of two reasons: (i) the region around XV2C is considered a recombinational hot spot and, (ii) B200 kb separate the XK loci from the CF locus. 4, 48 Raskin et al. 46 suggested that the high frequency of the p.F508del mutations bearing non-B haplotypes may be because of (i) greater ethnic heterogeneity of European populations that migrated to Brazil (the degree of association is lower in southern European than in northern European populations); (ii) Brazilian internal migration, allowing intensive intra-population exchanges; or (iii) admixture with nonwhite populations of Brazil (manly Africans), who have a different distribution of CF-linked haplotypes. In the states of PR and MG, haplotype C is the most common haplotype on non-p.F508del alleles, whereas in SC, the prevalent haplotype is A. Admixture with nonwhite populations does not seem to have an important role in changing haplotype frequencies in SC and PR. One explanation for the higher mutation frequency on the A and C haplotypes in these states, could be a founder effect brought by the Italian and Portuguese immigrants. This hypothesis is supported by the following facts: (i) haplotypes A and C are overrepresented in non-CF chromosomes from Italy (70%) and in non-p.F508del CF chromosomes from Portugal (87%), compared with all the rest of the South European populations; [49] [50] [51] (ii) SC and PR are geographically close; (iii) Raskin et al. 18 showed that 35% of SC CF patients are Italian descendants through both sets of grandparents, and at least 40% are Italian descendants through either maternal or paternal side of the family; (iv) demographic data show that most whites living in the capital of SC (Florianó polis), where most SC subjects and respective parents were born, are Portuguese descendants, and as many as 83% of individuals born in Florianó polis have both sets of grandparents of Portuguese origin. 21, 23 In the state of MG, 46% of the non-p.F508del mutations are linked to haplotype C. Interestingly, among the five states studied by Raskin et al., 18 MG has the least flow of immigrants between 1802 and 1950, and its white population is mainly composed of descendants of Portuguese families who arrived in Brazil after 1500, when Brazil was conquered by Portugal. 21, 23 Another nonexclusive explanation would be admixture with the nonwhite population. This is plausible because, of the five states studied, MG has the highest rate of admixture between whites and blacks. 21 Interestingly, haplotype C, which reaches its highest frequency in non-p.F508del CF alleles from the state of MG, is frequent in black Americans: it is the most frequent haplotype in non-CF chromosomes (39%) and it is overrepresented on CF chromosomes (19%). 52 The CFTR mutation spectrum in South Brazil points to the strong influence of the European component, mainly Italian. This can be showed when we compare the occurrence of the eight most frequent mutations in Italy (which consists of B70% of all mutations in this country) with those of other populations (Table 3) . 14, 53, 54 Faucz et al. 19 found nine mutations with a frequency higher than 1% (p.F508del: 45.5%; p.G542X: 6.3%; p.N1303K: 4.5%; p.G85E, p.R334W and p.R1162X: total of 3.6%; c.2183AA4G and p.W1282X: 2.7%; and p.R553X: 1.8%) in CF patients from PR and SC (south of Brazil). These nine mutations represented 74.1% of the CFTR alleles and 16 others were identified by this group. These 25 mutations accounted for 88.4% of all CFTR alleles. In Figure 2 , we can see the total mutation detection rate in Brazilian states with CF mutation data. The detection of these mutations that total almost 90% of all CFTR alleles will greatly improve molecular testing and genetic counseling in PR and SC states. The p.G542X mutation is found more frequently in SP (19.6%) and MG (13.8%) than in other states, such as, RJ (2.1%), RS (4.9%), SC (6.2%) and PR (8.7%). 18, 36 Cabello et al. 36 found the c.3120+1G4A mutation in 3.7% of the alleles in RJ; they explained that this higher frequency was most probably the result of the ethnic composition of the RJ population, which generally has a higher proportion of African Brazilians (see Table 1 to compare other mutations found in Brazil). Similar studies must be carried out in other regions and with continental groups of Brazil to define the genetic spectrum of each sub-population.
Sharp and Rock 55 showed that screening for CF has a significant impact on lung growth and function, and that early intervention (within the first 2 months of life) may be a critical time to make the diagnosis and begin therapies for CF. Because the average CF diagnosis occurs in the fourth year of life in Brazil, 34 nutritional development and pulmonary function of patients are often compromised. Therefore, the benefits of neonatal screening seem to be undeniable in this country. 56 On 6 June 2001, the Brazilian Ministry of Health issued the Order GM/MS No 822, which widened the coverage of neonatal screening for 100% of live births in Brazil and implemented the neonatal screening in three phases: Phase I-screening, diagnostic confirmation, monitoring and treatment of congenital hypothyroidism and phenylketonuria; Phase II-screening, diagnostic confirmation, monitoring and treatment of congenital hypothyroidism, phenylketonuria plus sickle cell disease and other hemoglobinopathies; Phase IIIscreening, diagnostic confirmation, monitoring and treatment of congenital hypothyroidism, phenylketonuria, sickle cell disease and other hemoglobinopathies plus CF. Since 2001, a program implemented by the Fundação Ecumênica de Proteção ao Excepcional do Paraná (FEPE-PR) turned CF screening a reality in the state of PR. The immunoreactive trypsinogen (IRT)/IRT test is used in this state; this method measured levels of IRT in dried blood spots ('Guthrie Cards'). This elevation of trypsinogen is due to trypsinogen leakage into plasma resulting from ongoing pancreatic obstruction and back leakage of acinar content. This method can detect most infants with CF, both pancreatic insufficient and sufficient, and two dosages of elevated IRT is needed to carry out the CF diagnosis. 55 Currently, PR screens for CF using the IRT/IRT protocol, and the analysis of the p.F508del mutation is being carried out only for research purposes. It is apparent that in other states, such as BA, the use of this mutation for the screening of CF may be useful only if a panel of 40 mutations is included in the test. 42 The advantage of DNA diagnosis compared with the IRT test is that the DNA test being applied to the same Guthrie card blood spot collected for the IRT test decreases the very high number of false positives, thereby reducing the anxiety related to a second sampling. Costs of calling the newborns and recollecting and reshipping the samples to a reference center are avoided.
After almost 3 years, in PR, the Neonatal Cystic Fibrosis Screening Program (NCFSP) diagnosed a significant percentage of children from the total number of screened subjects (Table 4) , and the number of diagnosed patients has doubled every year. 56 MG and SC are additional states that offer neonatal screening for CF (Phase III of NCFSP); the mean age at diagnosis was 51.4 days and 64 days, respectively, using the IRT/IRT protocol; 57, 58 in SP, in a pilot study for implementation of CF screening, the mean age at diagnosis was 69 days. 59 These are states that have a population coverage higher than 80% and have diagnosed the cases expected in the region, according to the expected frequency of CF in that State (Table 4) .
We conclude that the discovery of CFTR allelic heterogeneity is important for genetic counseling and for CF screening in the Brazilian population. Regional differences in continental ethnic composition influence both cost-benefit analyses and risk assessments; thus, uniform policies regarding population screening of CF may not be appropriate in a country such as Brazil. To improve the detection of CF mutations in this heterogeneous population, a specific pan-continental mutation panel is needed. 61, 62 Further comprehensive CFTR analysis of Brazilian CF patients will provide a powerful tool to identify CF alleles derived from a population in which the disease is supposed to be rare. Because almost 90% of the CFTR mutations are now identified in the Southern Brazilian population living in the states of PR and SC, 19 a carrier screening would be technically possible. 
